Accurate eigenvalues and radiative lifetimes are obtained for the bound 2p 3P and 2p3p 'P states of the heliumlike ions He r to Ne xx. A high-order Z-expansion perturbation procedure is used that does not require the explicit solution of perturbation equations. The results are compared with variational calculations. The predicted wavelengths of the ls2p 3P-2p P and 1s3p P-2p3p 'P transitions in helium are, respectively, 320.31 and 308.97 A. Lines have been observed in helium at 320.39 and 309.04 A.
I. INTRODUCTION
Because of the conservation of angular momentum and parity, the 2p 'P and 2p3p 'P states of helium and heliumlike ions, although embedded in the continuum, are stable againstautoionization within the LS coupling approximation. Their lifetimes depend on the probability of radiative transitions to lower states and are much longer than the lifetimes characteristic of autoionizing states. Becker and Oahler' have pointed out the importance of such highly energetic states as initiators of reactions involved in radiation chemistry and in the chemistry of high-temperatur e gases. The 2P 'P state of helium has been produced through electron impact by Burrow and Schulz and identified by the trapped-electron method.
This state should also be observable in the electron energy-loss spectrum, although it has not yet been identified. The cross sections for the excitation of the 2P P and 2p3p 'P states by electron impact from the ground state have been calculated by Becker and Dahler, ' along with several other doubly excited states. The 2P3P 'P state will be more difficult to observe in electron-impact experiments because its excitation cross section is much smaller than the 2p 'P cross section. A radiative transition at 320. 39 A, observed by Kruger and included in Martin's tables, has been tentatively identified as the 2p P-1s2p P transition.
The helium 2p 'P eigenvalue has been calculated by Holgien using a configuration-interaction wave function. Several other less accurate calculations are cited by Becker and Dahler. ' In this paper we report precise variational upper bounds for the 2p"P and 2p3p 'P helium eigenvalues and oscillator strengths for radiative transitions to the 1s2p, 1s3p, and 1s4p'P and 'P states, respectively. The results are extended to the heliumlike ions by a high-order Z-expansion technique. We also calculate the sum of all oscillator strengths from the 1s2p "P state to the~pn'p "P states.
II. THEORY
The eigenvalue problem to be solved is (in Z' a. u. ) 8%', = (H, + Z ' V)0, = E,4, , where IIO is a sum of two hydrogen-atom Hamiltonians, V is equal to 1/r» and r» and is the interelectronic coordinate. A variational approximation to E, and 4, is obtained from the stationary values G. A'. F . DRAKE AND A. DA LGARNO of the functional E, = (c,lHl4, )/ (4, l@,) for arbitrary variations of 4, . Because the 2p P 23 and 2p3p 'P states are the lowest-lying triplet and singlet P states of even parity, the application of the variational method is straightforward. 
Substituting Eqs. (4) and (5) into Eq. (2), we obtain the eth-order functional and vary the coefficients a;, M roots are obtained, of which one may be further optimized through the choice of the P, to represent a particular state.
The remaining M -1 solutions satisfy oscillatorstrength sum rules if the P; are well chosen and may be used to evaluate the summations occurring in formal perturbation theory. ' The calculations must be repeated for each value of the nuclear charge.
Alternatively, we may expand 4, and E, in the forms Z-n q n=0 n -1 and E"= (g", ) V[go) -Q E&(g")(o) p= 1 Exactly the same results are obtained from (7) (14) is the best variationa, l approximation to the resolvent operator within a finite basis set. It is not necessary to solve explicitly each of the perturbation equations. Once the two diagonalizations (9) and (10) have been performed to determine the basis set P" the perturbed eigenfunctions and energies are easily generated from the recursion relations (12) and (13). The results are comparable in accuracy with the explicit solutions of Sanders and Scherr using the same number of basis functions.
and Ek =E0. If we expand the perturbed-trial wave function in the basis set P, .
Scherr and Knight and Sanders and Scherr' have obtained perturbed eigenvalues and eigenfunctions directly from the extrema of (8) by substituting trial forms P" for the g". A simpler procedure, discussed by Dalgarno and Drake, " is obtained by introducing a set of M functions p&, one of which, say p2, is the exact hydrogenic solution go with eigenvalue Eo. A unitary transformation is then applied such that where J~~. . , (r"r2)
in the conventional vector-coupling notation of Edmonds, ' and P» indicates the interchange of electrons 1 and 2, with the plus sign referring to singlet states and the minus sign to triplet states. For the variational calculations involving the complete Hamiltonian H, a and P were chosen to minimize the lowest secular root, thus giving a variational bound to the 2p P and 2p3p P energies.
For the Z-expansion basis sets defined by Eqs. (9) and (10) 
The values of f"(lsd P -2p P) and f~, (ls2p 'P -2p3p 'P), calculated in the length formulation, are given in Table II .
If we define oscillator-strength sums S, out of the 23P state S, (' ) )$f (2'P, -=m'I', ),
where S denotes summation over discrete states and integration over continuum states, and similarly for S, (SSO) The leading several terms in the Z expansions of the wave functions were calculated by the recursion procedure described at the end of Sec. II.
The coefficients in the eigenvalue expansions of the 2p 3P and 2p3p 'P states are given in Table IV .
The eigenvalues summed through ninth order for 
